Stand thinning is being tested as means to limit the impacts of the invasive hemlock woolly 39 adelgid (Adelges tsugae Annand) on eastern hemlock (Tsuga canadensis (L.) Carriere) (HWA) . 40
The efficacy of this strategy may be reduced if thinning increases hemlock foliar nutrients 41 because HWA densities are correlated with foliar concentrations of N, P, K, Ca, and Mn. We 42 determined foliar N, P, K, Ca, and Mn concentrations in 1-year-old and all other (older) needles 43 prior to and for 4 years after thinning in northwestern Pennsylvania stands of eastern hemlock 44 without HWA. Average foliar concentrations in 1-year-old needles were: 1.30-1.80 g N 100g -1 , 45 1300-1700 mg P kg -1 , 4200-6300 mg K kg -1 , 2500 to 5200 mg Ca kg -1 , and 2393 µg Mn g -1 . N, 46 P, and K decreased, Ca increased, and Mn first increased, then stabilized. Thinning by itself did 47 not affect the tested foliar nutrients. Treatment*year interaction was significant and evident in 48 temporal trajectories of foliar N and K. However, the differences between thinned and unthinned 49 plots within years averaged only 0.03 g N 100g -1 and 340 mg K kg -1 . We concluded that even 50 though thinning changed the temporal trajectories of foliar N and K, the nutritional shifts were 51 minimal, brief, and unlikely to affect the efficacy of thinning in limiting the impacts of HWA. The hemlock woolly adelgid, (HWA) Adelges tsugae Annand is the single greatest threat to the 59 sustainability of eastern and Carolina hemlock (Tsuga canadensis and T. caroliniana, 60 respectively) in eastern North America (Knauer et al. 2002) . HWA affects photosynthesis, 61 carbon allocation, foliar nutrients, and water relations and interacts with environmental variables 62 (i.e. geographic location, drought) to cause eventual tree and stand mortality (Pontius et al. 2008 , 63 Domec et al. 2013 . Widespread stand mortality due to HWA infestations results in possibly 64 irreversible changes to hemlock ecosystem form and function (Koch et al. 2006 , Orwig et al. 65 2008 , Jonas et al. 2012 . 66 67 Foliar chemistry of eastern hemlock has been highly correlated with HWA herbivory (Pontius et 68 al. 2006 , Miller-Pierce et al. 2010 . Percent infestation was positively correlated with foliar Ca, 69 K, Mn, N, and P, with N having the strongest relationship (Pontius et al. 2006 ). Incorporating 70 foliar N, P, Ca, and K levels in stand health models greatly improved the ability to predict 71 hemlock susceptibility to HWA, and suggested that foliar nutrition may determine hemlock 72 susceptibility to HWA. Further, differences in foliar chemistry between eastern hemlock and 73 other, HWA-resistant hemlock species indicated the importance of foliar nutrients to resistance 74 to HWA. Thus, resistant species all had significantly lower N than eastern hemlock (Pontius et 75 al. 2006) , suggesting that low foliar N may decrease the nutritive value for the insect. 76
77
The effects of HWA on the rate of hemlock-growth decline and mortality have been correlated 78 with tree crown variables such as live-crown ratio (Rentch et al. 2009 ). Silvicultural 79 D r a f t 5 manipulations that reduce tree competition and increase the availability of light, soil nutrients, 80 and water are expected to increase tree growth including crown area, vigor, and the ability to 81 deal with stressors, including insect attack (Waring and Pitman 1985; Knauer et al. 2002; 82 references in Clancy et al. 2004; Fajvan 2008) . Therefore, promising biological and chemical 83 control strategies for HWA could be combined with silvicultural treatments (Mayfield et al. 84 2015) . 85
86
The effectiveness of silvicultural treatments for improving resource acquisition and tree vigor in 87 hemlock stands is not well known. Thinning alone generally increased foliar N concentrations in 88 conifer stands of different ages at various intervals of time following treatment; mixed outcomes 89 were obtained for foliar P, K, Ca, and Mg (Thiebodou et al. 2000; Jonard et al. 2006; Inagaki et 90 al. 2008) . Where assessed, needle expansion over reference, and enhanced leaf area indices and 91 rates of photosynthesis suggested an improvement in the crown condition of residual trees 92 following stand thinning (Thiebodou et al. 2000; Jonard et al. 2006; Navarro et al. 2013) . 93
94
Responses of hemlock foliar nutrients to thinning are unknown. However, if canopy nutrient 95 levels increase as expected, residual trees may be more attractive to HWA than trees in 96 unthinned stands. Therefore, while thinning may be a potential tool in an integrated strategy to 97 manage HWA, lack of information about thinning effects on hemlock foliar nutrients represents 98 a limitation to an effective use of this practice in hemlock stands. An improved understanding of 99 hemlock foliar nutrient response to thinning will help determine whether silvicultural treatments 100 may be a viable option in an integrated control of HWA. 101 102 D r a f t 6 A long-term project to determine the efficacy of silvicultural thinning in reducing hemlock 103 susceptibility to HWA has been established at the Allegheny National Forest (ANF) in 104 northwestern Pennsylvania in HWA-free, hemlock-hardwood stands containing a minimum of 105 30 percent hemlock basal area, and at least 5-years prior to an estimated HWA invasion (Fajvan 106 2008) . A supporting short-term objective was to determine whether thinning results in changes 107 in foliar chemistry that may increase susceptibility of these stands to HWA infestation. 108
Specifically in this study, we wanted to determine whether thinning increases macro nutrient 109 levels in the foliage of residual eastern hemlock trees in recently-formed and old foliage. Our 110 hypothesis was that thinning increases macronutrient levels in hemlock foliage. We collected 111 foliage before, and for 4 years after thinning to address our hypothesis. 112
113

Methods
115
Study area 116
Our study site is located in The Allegheny National Forest in northwestern Pennsylvania, U.S.A., 117 near the town of Warren, 41.64976°N, 79.03913°W. The forest covers about 210,000 ha 118 (517,000 acres) of land, of which 90% is forested. Average elevation is 427 m (1500 ft). Soils in 119 the project area belong to two main soil groups -Cavode silt loams with 0 to 8 % slope, and 120
Cookport very stony silt loams, with 0 to 15% slope http://websoilsurvey.usda.gov/; Accessed 121 [11-12-13] 1 . Stands were further distinguished based on the overstory dominance of either black cherry or 136 red oak and red maple. Hemlock content ranged from 11.5 to 16 m 2 ha -1 within the black cherry-137 dominated stands, and from 7 to 11.5 m 2 ha -1 in the oak-red maple -dominated stands ( Fig. 1) . 138
139
Each stand was divided into 6, approximately 4-ha treatment blocks. Three 4-ha blocks were 140 then randomly selected for thinning, and three for reference. Trees were marked for thinning 141 according to stocking guidelines based on field inventories. Due to the initial high stand 142 densities, a removal of about 35 percent of the basal area was planned (Lancaster 1985) (Fig. 1) . 143
In each block, ten, 0.04-ha circular plots were randomly established (approximately 1 per 0.4 144 ha). The center of each plot consisted of a hemlock tree that was targeted for crown release (e.g. 145 had 3-4 surrounding stems marked for removal). A similar procedure was used to establish plots 146 destined to be used as reference (no thinning). The 10 trees in each block were designated as 147 D r a f t 8 "subject" trees, for a total of 60 per stand. A commercial thinning was conducted in early to 148 mid-2007. Trees were felled, and non-commercial sized stems were left on site. 149 150
Experimental design: foliar nutrients 151
To ensure adequate representation for foliar analyses, "blocks" were treated as plots, or units, to 152 which treatment was applied (see statistical analyses below), while individual "subject" trees 153 within treatment "blocks" were used for subsampling. In each stand (1, 2, 3), we randomly 154 designated two thinned (out of three) and two reference plots (out of three) for foliar sampling. 155
Thus, foliar sampling was conducted in a total of 6 treatment and in 6 reference plots. Within 156 plots, green hemlock foliage was collected from 6 randomly-chosen subject trees in each 157 treatment, and from 4 trees in each reference plot in 2006 (pre-thinning), and in 2008, 2009, 158 2010, and 2011 (post-thinning) . Thus, 36 trees were sampled across thinned blocks, and 24 trees 159 across reference blocks in each sampling year. More trees were sampled in the treated plots in 160 expectation that more variability in the measured parameters would be introduced by the 161 thinning treatment. We sampled in the first week of April, prior to bud break, and after 162 snowmelt. A height pole was used to collect at least 25-cm long sections from the ends of 163 branches about 10 meters above ground. Care was taken in obtaining branches from east and 164 west sides of tree and upper 1/3 of the crown which was partly-sunlit; however, that was not 165 always possible due to tree and crown size and architecture. 166 167 Branches were labeled, placed in trash-size plastic bags, and refrigerated until processing. 168
Branches from both sides of individual trees were composited into one sample per tree. Last-169 formed twig extensions, identified as light-brown twig endings to the last-formed bud swelling, 170 D r a f t were cut with scissors and composited per branch and tree into '1-year-old' foliage class in paper 171 bags. The rest of the branch with older green foliage (any age class) was composited into 'older' 172 age class. 173 174 Needles on twigs in paper bags were dried at 65-70 o C to a constant weight for up to 3 days. Then 175 foliage was separated from twigs by shaking the bag until needles fell off, and discarding any 176 woody pieces. Subsequently, needles were ground in a dedicated coffee grinder to a fine powder. Inc.) We tested unstructured, Toeplitz variance components, spatial power, spatial Gaussian, and 207 spatial spherical covariance structures. Smallest AIC and BIC diagnostics were used to assess the 208 most appropriate model fit (Burnham and Anderson, 2002) . Unstructured covariance structure 209 had the best fit statistics for all elements, and we used it to model nutrient concentrations as a 210 function of treatment, year, and treatment*year interaction, with needle age as split-plot effect. 211
We used Kenward-Rogers degrees of freedom method. Residuals were tested for homogeneity of 212 variances using the Levene's test. Levene's test indicated that residuals were not homogenous for 213 the thinning treatment or year; however, unstructured covariance was designed for non-214 homogeneity, therefore, satisfying the requirements. 215 216 D r a f t
Results
217
Effects of thinning on foliar nutrients 218
Treatment, as a main effect, was not significant for the examined foliar elements (Table 1) . 219
Treatment and year interaction was significant for foliar concentrations of N and K (Table 1) subsequently decreased (2009, 2010, and 2011) , and was subject to a high degree of variability, 232 with a significant overall low in 2011 and in the reference in 2010 (Fig. 3) . K concentration was 233 consistently higher in the thinned plots than in the reference in all years, but particularly in 2010, 234 three years post-treatment, resulting in a significant treatment * year interaction. However, the 235 differences were not statistically significant within year (Table 1, The "year" effect was significant for all foliar element concentrations (Table 1) , and it was 240 further modified by interactions. Foliar element concentrations were highly variable among years 241 (Table 2) , and the most evident response was a significant decrease in N, P, and K, an increase in 242 Ca, and an initial increase then stabilization of Mn over time, regardless of treatment (Table 2) . 243
Decreases were subject to annual variation (the interaction effect), and for example, N 244 concentration in 2009 was higher than that in 2008, and that in 2011 was higher than in 2010. 245
246
Effects of needle age on foliar nutrients 247
Needle age was significant as a main effect, and 1-year-old needles (young) had significantly 248 higher N, P, and K, and lower Ca and Mn concentrations than older needles in most years (Table  249 2). Needle age also interacted with year (Table 1) (Table 2) . Foliar Ca was generally higher in older needles in all years except in 2009 when Ca in 252 older needles was comparable to that of younger needles (Table 2) . Mn in older needles was 253 uniformly higher than in young needles. 254
255
Discussion
256
Hemlock foliar-nutrient responses to thinning 257
We anticipated an increase in foliar macronutrient concentrations following treatment in our 258 study because thinning shifts available soil resources -water and mineral nutrients -to the 259 remaining biomass (Misson et al. 2005; Navarro et al. 2013 ). Thus, increases in foliar N were 260 reported for different coniferous species at various intervals following thinning, and ranged from 261 0.3 mg N g -1 dry weight in current-year needles of ~57-years-old Picea abies (Jonard et al. 2006 ) 262 D r a f t 13 to 4.8 mg N g -1 in 20-years-old Abies balsamea in well-drained soils (Thiebodou et al. 2000) . 263
Positive responses in foliar P, and decreases, increases, and no responses were observed in foliar 264 K, and Ca after thinning in a variety of conifers, on diverse sites, and after different thinning 265 regimes (Wollum and Schubert, 1975; Harrington and Wierman, 1990; Thiebodou et al. 2000; 266 Lopez-Serrano et al. 2005 ). In our study, however, thinning by itself did not affect foliar nutrient 267 concentrations in residual hemlock trees for 4 consecutive years following treatment. response, however, was a significant decrease in N, P, and K over time. We attribute this 272 decrease to a dilution of foliar nutrient concentration associated with a slowly-expanding crown 273 biomass (the same pool of nutrients in a larger biomass) (Switzer and Nelson, 1972) . Canopy 274 expansion in both reference and thinned stands in this study was observed, and was further 275 supported by diameter increases, especially in the thinning treatment (data not shown). 276 Therefore, foliar nutrient outcomes need to be evaluated in light of expanding crowns in both 277 plot types (thinned and reference), and apparent nutrient dilution. 278
279
The non-linear decrease in N concentrations over time (higher in 2009 than in 2008) suggested 280 that the decrease was modified by factors that were related to "year", and probably driven by 281 climate. Foliar N concentration is determined primarily by soil N supply, derived from microbial 282 mineralization of soil organic matter; therefore, a climatic contribution to this process is highly 283 likely. The interaction effect of treatment with "year" may involve a stimulation of organic 284 matter turnover beyond the possible effects of annual variations in climate. Canopy thinning may 285 D r a f t increase soil temperatures due to the opening of the canopy and increased solar irradiation of the 286 forest floor, and can thus stimulate microbial turnover of organic matter and N production 287 (Thibodeau et al. 2000) . Further, inputs of labile C from root death and leaching from fresh 288 foliage in the thinned areas are likely to contribute to an increase in the mineralization of organic 289 matter because soil microbial processes are primarily driven by substrate chemistry. Increases in 290 mineralization rates in the thinned plots were confirmed with a related in-situ soil mineralization 291 study (Farcas 2010) . 292 293 The high annual variability in foliar K concentration was probably due to the high mobility of 294 this element within green tissues (Tripler et al. 2006) , its potential ability to leach across 295 membranes (Schreeg et al. 2013) , and possibly high influx of K from older tissues (Weatherall et 296 al. 2006 ). None of these processes have been described for mature eastern hemlock, so their 297 relative importance is uncertain. However, the consistently higher (though not significant) K 298 concentration in the treatment than in the reference plots may be associated with increased 299 overall mobility due to mobilization of resources post treatment. 300 301 Young needles are typically associated with higher N, P, and lower Ca and Mn than found in old 302 needles, and that was generally the case in our study. Calcium in particular is a structural 303 component of cell walls, and, together with Mn, is not mobile in plant tissues. Both Ca and Mn 304 accumulate over time in older green tissues (Fink, 1991) . 305
306
The annual averages of foliar nutrients observed in our study fit well within value ranges found 307 at other sites. Thus, hemlock foliar N exhibited a considerable range of concentrations from a 308 D r a f t 15 low of 1.05 g 100g -1 (Aber and Martin, 1999 ) to a high of 1.92 g 100g -1 (Pontius et al. 2006) . 309
Nitrogen levels in our study were in the middle of this wide range in 2011, 4-years post-310 treatment (at 1.32 g 100g -1 ), and close to the high values in 2006, the pre-treatment year (at 1.82 311 g 100g -1 ). Foliar P ranged from 995 mg kg -1 in New Hampshire (Aber and Martin, 1999) to 312 4,318 mg kg -1 in HWA-susceptible population (Pontius et al. 2006) . Foliar P in our study was at 313 the low end of reported values at an average of 1,500 mg kg -1 . Foliar K ranged from a low of 314 4,400 mg kg -1 in our study in 2006 to a high of 9,433 mg kg -1 in New York (Yorks, 2001) .
Foliar 315
Ca values in our study in 2006 were below those of the HWA-resistant hemlock species (at 2,844 316 mg kg -1 ) and higher than the HWA-susceptible ones (1,989 mg kg -1 ) (Pontius et al. 2006) . 317
Interestingly, eastern hemlock seedlings can apparently maintain significantly higher Mn levels 318 than other eastern conifer species, at 2124 µg g -1 , (St. Clair and Lynch, 2005) , and this average 319 falls within value ranges observed in our study. 320
321
Lack of a strong treatment response in foliar nutrients may be related to the ecophysiology of 322 eastern hemlock. Hemlock is very tolerant of shade and is found throughout all canopy strata. Its 323 growth rate is slow relative to species associates, and at high densities, it can survive in repressed 324 conditions for hundreds of years (Godman and Lancaster 1990) . Self-thinning is slow and 325 canopy disturbance is typically required for accelerated growth to occur. However, following 326 crown release, radial growth in hemlock can increase 5-8 % per year, regardless of tree age 327 (Fajvan and Seymour 1993; Marchand and Filion 2014) . Tree growth and foliar nutrient levels 328 are generally correlated because both depend on available soil resources (Garrison et al. 2000; 329 Jarvis and Linder 2000) . 330 331 D r a f t
Foliar-nutrient implications for management of HWA 332
The observed foliar N, P, K, and Mn values in our study were well below those reported for 333 HWA-susceptible trees (Pontius et al. 2006) , indicating that these foliar nutrient levels would not 334 be particularly appealing to HWA. Foliar Ca values in our study in 2006 were low, indicating a 335 possible stand disadvantage for withstanding HWA (Pontius et al. 2006) . The fact that foliar Ca 336 levels in our stands appeared to be increasing with time since treatment may be encouraging 337 (Fig. 3) . At the same time, by itself, foliar Ca does not determine susceptibility to HWA (Pontius 338 et al. 2006) . habitat; therefore, HWA-caused hemlock decline and loss may precipitate significant impacts on 346 these species (DeGraaf et al. 1992 , Yamasaki et al. 2000 . Alteration of the physical environment 347 (Ellison et al. 2005) , including encroachment of invasive species (Orwig and Foster 1998) , 348 associated shifts in hydrologic processes (Daley et al. 2007, Ford and Vose 2007; Hadley et al. 349 2008), modification in nitrogen (N) export dynamics (Templer and McCann 2010) , and changes 350 in carbon pools and dynamics (Albani et al. 2010) (Stadler et al. 2005 (Stadler et al. , 2006 . Several warm winters prior to 2014 have increased the rate of 357 spread, and, currently, hemlock stands in the vicinity of the Allegheny National Forest boundary 358 are infested. Based on published, long-term studies of HWA-infested stands, trees that survive 359 HWA the longest are those with high live-crown ratios and competitive crown positions (Rentch 360 et al. 2009 ). The goal of silvicultural thinning is to improve these same crown features. Hence 361 improving these crown and stand density features prior to infestation may give residual trees a 362 chance to survive longer. Thinning during an infestation would not be worthwhile because trees 363 are already stressed and declining. Additionally, silvicultural treatments, such as thinning, may 364 be the most economical means of managing this forest type against the deadly insect (USDA, 365
Forest Service, 2005). Thinning generates revenue for the landowner and changes resource 366 allocation within a stand, with more light, moisture, and nutrients accessible to the residual trees. 367
Increased resource levels are associated with higher resistance to stressors, including insect 368 herbivory (Waring and Pitman, 1985) . 369
370
With the imminent entrance of HWA into these stands, it was critical to understand whether 371 thinning, while producing desirable management and economic outcomes, may also result in 372 increased foliage palatability for the HWA. Our findings suggest that thinning at the level 373 performed in our study may be used in hemlock stands without risking HWA attack due to 374 increased needle nutritional value. Other factors are likely to play a role in whether these stands 375 
